Methanogenesis represents an important electron sink reaction in the hindgut of soil-feeding termites. This is the first comprehensive analysis of the archaeal community structure within the highly compartmentalized intestinal tract of a humivorous insect, combining clonal analysis and terminal restriction fragment (T-RF) length polymorphism (T-RFLP) fingerprinting of the archaeal communities in the different gut compartments of Cubitermes orthognathus. We found that the morphological and physicochemical heterogeneity of the gut is reflected in a large phylogenetic diversity and pronounced axial differences in the composition of the archaeal gut microbiota, notably among those clones or ribotypes that could be assigned to methanogenic taxa. Comparative analysis of the relative frequencies of different archaeal lineages among the small-subunit rRNA gene (SSU rDNA) clones and their corresponding T-RF indicated that the archaeal community in the anterior, extremely alkaline hindgut compartment (P1) consists mainly of members of the Methanosarcinaceae, whereas Methanobacteriaceae and Methanomicrobiales predominate in the subsequent, more posterior compartments (P3/4a and P4b). The relative abundance of Thermoplasmales increased towards the rectum (P5). SSU rDNA sequences representing Crenarchaeota, which have not yet been reported to occur in the intestinal tracts of arthropods, were detected in all gut sections. We discuss how the spatial distribution of methanogenic populations may be linked to axial heterogeneity in the physicochemical gut conditions and to functional adaptations to their respective ecological niches.
Termites are considered an important source of the climaterelevant greenhouse gas methane (for a review, see references 5 and 40), which is formed by methanogenic Archaea located in the enlarged hindguts of these insects. Methane emission rates differ strongly between termite species; these differences are closely correlated with the feeding habits of the respective taxa.
In the hindgut of most wood-feeding species, homoacetogenesis is the major hydrogen sink reaction (8, 9) . The methane emission rates of the extremely abundant and globally important soil-feeding species, however, exceed those of woodfeeding termites considerably. In the humivorous Termitinae, the rates of reductive acetogenesis measured in gut homogenates were about 10-fold lower than the rates of methanogenesis (8) . Methanogenesis represents a major electron sink in the hindgut metabolism of these termites; in Cubitermes orthognathus, methane production amounts to almost 10% of the respiratory activity of the insect (46) .
Initially, the factors influencing the outcome of the competition of these CO 2 -reducing processes for hydrogen were quite enigmatic (9) . However, several studies using microsensors and radiotracer analysis of intestinal CO 2 -reduction rates have provided evidence that the radial and axial distribution of the microbial populations involved in the production and consumption of hydrogen may play a key role in controlling the fluxes of reducing equivalents in the gut (18, 41, 47) .
In soil-feeding Termitinae, the hindgut is highly compartmentalized and characterized by an unusually high pH in the anterior region (4) (Fig. 1) . The luminal pH increases sharply in the mixed segment, a gut region located between the neutral midgut and the first proctodeal dilation (P1), which possesses the highest alkalinity ever observed in biological systems (around pH 12; [14] ). Significant amounts of hydrogen accumulate only in the mixed segment and in the P3 (41) . Conversely, methane is formed mainly in the posterior gut compartments P3/4a and P4b (Fig. 1) ; only small amounts of methane are emitted by the anterior, alkaline compartments (41) . The close contact of hydrogen-producing and hydrogenconsuming gut compartments in the abdomen and the stimulation of methanogenesis in the isolated posterior hindgut compartments by the addition of external H 2 and formate (41) indicate that a cross-epithelial transfer of reducing equivalents and the contribution of electron donors other than hydrogen also have to be considered when analyzing the functional interactions between the different microbial populations (13, 41) .
Unfortunately, little is known about the microbial community involved in these processes, the numerical abundance and spatial distribution of the different hydrogen-producing and hydrogen-consuming populations, and their metabolic properties. Despite the ubiquitous presence of methanogenic activities in termites, the only methanogens isolated in pure culture from termites are three Methanobrevibacter spp. from the wood-feeding Reticulitermes flavipes (27, 28) ; most of the cur-rent knowledge of the methanogen diversity in termite guts is based on cultivation-independent molecular studies using PCR-based 16S rRNA gene (rDNA) retrieval from total gut homogenates. All clones obtained from lower termites represent Methanobacteriaceae (33, 33b, 49) and are closely related to the Methanobrevibacter species isolated from R. flavipes. Also, the archaeal 16S rDNA clones obtained by Shinzato et al. (42) from the gut of Reticulitermes speratus mainly clustered with the Methanobacteriaceae. A few clones, however, fell into the nonmethanogenic order of the Thermoplasmales (42) . The archaeal clones obtained from higher termites also include members of the Methanosarcinaceae and Methanomicrobiales; those from the soil-feeding Pericapritermes nitobei, the only humivorous species tested to date, represent the highest methanogen diversity among all termites so far investigated (34) . Interestingly, all archaeal clones so far recovered from termite guts form termite-specific clusters.
Nevertheless, the implications of the morphologically and physicochemically highly structured hindgut of the soil-feeding species on the diversity and distribution of archaeal populations remain to be addressed. In this study, we investigated the composition of the archaeal microbiota in the individual gut sections of the soil-feeding termite C. orthognathus and compared it to the archaeal community structure in the nest and the surrounding soil.
MATERIALS AND METHODS
Termites. Nests of C. orthognathus Emerson (Termitidae: Termitinae) were collected near Busia, Kenya. The termites together with nest fragments and soil from the original collection site were brought to the laboratory in polypropylene containers. Only worker caste termites were used in this study.
DNA extraction and purification. Termites were dissected with sterile, finetipped forceps, and guts were separated into six sections, comprising the crop, the midgut, and the major hindgut compartments (Fig. 1) . Between 10 and 20 gut sections each were placed in sterile 2-ml tubes filled with 1 ml of buffered saline solution (48) and were stored frozen at Ϫ80°C. DNA was extracted following a direct lysis protocol modified after that of Moré et al. (33) as previously described in detail (23) . Aliquots (1 g) of soil samples collected at about 3 m from the nest and of the inner nest material were extracted using the same procedure. DNA was purified from the supernatant by consecutive ammonium acetate, isopropanol, and ethanol precipitation steps. To remove humic substances, the extracts were passed through spin columns filled with polyvinylpolypyrrolidone (3) as previously described (36) . Extraction efficiency and quality of the extracted DNA were verified by standard gel electrophoresis. DNA concentrations were determined fluorometrically using Hoechst dye 33258 and a DyNA Quant 200 fluorometer (Amersham Pharmacia Biotech, Freiburg, Germany) as recommended by the manufacturer.
PCR amplification of archaeal 16S rRNA genes. PCR amplification was carried out as described previously (21) with modifications. Oligonucleotide primers specific for archaeal 16S rDNAs were Ar109F (21) and Ar912R (CTC CCC CGC CAA TTC CTT TA) (Escherichia coli 16S rRNA numbering [11] : positions 109 to 125 and 912 to 931, respectively.). PCR (30 cycles) was carried out at an annealing temperature of 52°C, and 1 l of undiluted (for P4 and P5) or 10-fold-diluted DNA preparation (all others) was used as template. Aliquots of the 16S rDNA amplicons (5 l) were analyzed by electrophoresis on a 1% agarose gel and visualized after staining with ethidium bromide.
Fragments of crenarchaeotal SSU rDNA were specifically amplified using primers Ar109F and Cren752R (5Ј-ACG GTG AGG GAT GAA AGC TG-3Ј), which were modified from those of Buckley et al. (15) . All other PCR conditions were as described above.
SSU rDNA libraries. Clone libraries were created from archaeal small-subunit (SSU) rDNA amplicons obtained from termite gut community DNA. PCR products (ϳ800 bp [Ar109F-Ar912R] or ϳ750 bp [Arch21F-Cren752R] long) were ligated into the pGEM-T Easy plasmid vector (Promega, Mannheim, Germany), and E. coli JM109 (Promega) was transformed with the recombinant plasmids according to the manufacturer's instructions. Randomly picked clones were further analyzed as described previously by Rotthauwe et al. (37) . Clones were checked for the correct insert size by vector-targeted PCR and standard agarose gel electrophoresis. Clones were designated P1 (gut section P1; 30 clones), P3 (gut section P3, representing the P3/4a double compartment; 30 clones), P4b (gut section P4; 30 clones), P5 (gut section P5; 42 clones), or Cren (whole gut; PCR product amplified with Arch21F-Cren752R; 30 clones).
T-RFLP analysis. Terminal restriction fragment (T-RF) length polymorphism (T-RFLP) analysis was performed as described by Lueders and Friedrich (31) using TaqI restriction digestion. Archaeal SSU rDNAs were amplified using primer Ar109F and 6-carboxyfluorescein-labeled primer Ar912R following the PCR protocol described above, except that only 100-l PCR mixtures and 28 cycles were used. Standards (GeneScan-1000 ROX; Applied Biosystems), sample preparation, electrophoretic separation on an ABI 373 sequencer, and data analysis using GeneScan analysis software were as previously described (16) . T-RFLP electropherograms were analyzed by peak area integration of the different T-RFs. In order to obtain a measure of the relative SSU rDNA frequency, the relative fluorescence intensity of each individual band representing a single T-RF was compared to the total fluorescence intensity of all T-RF bands (31) . Diversity analysis. Clones with similar (Ͼ97% similarity) SSU rDNA sequences were assigned to the same operational taxonomic unit (OTU). Diversity coverage of SSU rDNA clone libraries was analyzed by using the analytical approximation algorithm of Hurlbert (24) , and 95% confidence intervals were estimated as described by Heck et al. (22) . Rarefaction curves were produced using the Analytic Rarefaction software (version 1.2; S. M. Holland, University of Georgia, Athens [http://www.uga.edu/strata/Software.html]).
Phylogenetic analysis. Sequence data were analyzed and trees were constructed using the ARB software package with its database (version 2.5b; O. Strunk and W. Ludwig, Technische Universität München, Munich, Germany [http://www.biol.chemie.tu-muenchen.de/pub/ARB/]) as described previously in detail (20) . SSU rDNA sequences were added to the database and aligned by using the Fast Aligner tool (version 1.03). Alignments were corrected manually if necessary. Sequences were phylogenetically placed by comparing them to reference sequences for the main lines of descent within the archaeal kingdoms Euryarchaeota and Crenarchaeota (53) , as well as Korarchaeota (2) . For tree construction, nearly full-length SSU rDNA sequences (Ͼ1,300 bases) from the ARB database were selected to construct an archaeal base frequency filter (50 to 100% similarity), and an initial tree was generated by using the neighbor-joining algorithm (39) . Sequences from termite gut clone libraries were added to this FIG. 1. Gut morphology of a Cubitermes sp. worker termite. The gut was drawn in its unraveled state to illustrate the various segments: C, crop; M, midgut; ms, mixed segment; P1 to P5, proctodeal segments 1 to 5, respectively. Gut sections were separated at the indicated positions. Methane emission rates are for individual gut sections of C. orthognathus incubated under N 2 atmosphere with 20% H 2 (41); the average luminal pH of the major gut segments was determined with glass pH microelectrodes for Cubitermes speciosus (14) . (Modified after reference 41).
tree by using the ARB parsimony tool, which allows the addition of short sequences to phylogenetic trees without changing global tree topologies (30) . Clonal SSU rDNA sequences were compared to sequences in public databases by using BLAST (1), and closely related SSU rDNA sequences from databases were retrieved and added to the alignment. To detect chimeric rDNA primary structures prior to phylogenetic analysis, the terminal 300 sequence positions of the 5Ј and 3Ј ends of the archaeal SSU rDNA sequences were used in separate treeing analyses ("fractional treeing" [29] ), and significant differences in phylogenetic placement of these terminal sequence fragments were indicative of chimera formation. Also, sequences with unusual mismatches of the rRNA secondary structure were checked for chimera formation.
Nucleotide sequence accession numbers. SSU rDNA sequences of clones from the termite gut were deposited in GenBank under accession numbers AF293481 to AF293613.
RESULTS
DNA was successfully extracted from all gut sections. Final yields in purified extracts ranged between 50 and 100 ng of DNA per gut section. Whole-gut preparations yielded about 280 ng of DNA per gut, which corresponded to approximately 130 g of DNA per g (dry weight); yields from purified soil and nest material were 2.0 and 2.5 g of DNA per g (dry weight), respectively. All DNA extracts except those obtained from the crop yielded amplicons with the Archaea-specific primer pair. Since SSU rDNA was successfully amplified from all extracts, including the crop, with a Bacteria-specific primer pair (27F-1492R [23, 52] ) (data not shown), we concluded that the purification protocol had removed PCR-inhibiting compounds (e.g., humic substances) to such an extent that a high degree of inhibition was unlikely.
SSU rDNA clone libraries. The DNA extracts obtained from gut sections P1, P3, P4, and P5 were used to construct individual clone libraries of archaeal SSU rDNA. From each clone library, 30 clones (section P5 contained 42 clones) were randomly selected and sequenced. Sequence analysis revealed that nearly all clones were affiliated with known taxa of Archaea. While most clones clustered with Euryarchaeota ( Fig. 2) , a small number (5%) of the clones in the libraries were more closely related to so-far-uncultured Crenarchaeota (Fig. 3) . Separate phylogenetic analysis of the terminal 400 nucleotide sequence positions at the 5Ј and the 3Ј ends of the SSU rDNA clones identified three clones as chimeras (Table 1) . These and four clones in the clone libraries that were not affiliated with the Archaea were excluded from further analysis ( Table 1) .
Archaeal SSU rDNA clones related to methanogens. The majority of the clones affiliated with the Euryarchaeota clustered within different methanogenic lineages (Fig. 2) . One group of clones was related to the family Methanobacteriaceae and grouped closely with Methanobrevibacter filiformis and Methanobrevibacter cuticularis (94 to 96% and 95 to 97% similarity, respectively), which have been isolated from the gut of the wood-feeding termite Reticulitermes flavipes (Kollar) (27) , and to sequences of clones retrieved from the guts of other wood-, grass-, and soil-feeding termite species.
A second group of clones was related to members of the Methanomicrobiales (7) and clustered with SSU rDNA sequences retrieved from the guts of Nasutitermes takasagoensis and Pericapritermes nitobei (34) (98 to 99% similarity; 550 bp of overlapping sequence information). Clones of this cluster were 95 to 100% similar to each other, and their closest cultivated relative was Methanospirillum hungatei (86 to 89% similarity [ Fig. 2]) .
A third group of clones was related to members of the family Methanosarcinaceae and grouped closely with SSU rDNA sequences retrieved from the guts of Pericapritermes nitobei and Odontotermes formosanus (34) (96 to 98% similarity; 550 bp overlapping sequence information). Clones of this cluster were 94 to 100% similar to each other, and their closest cultivated relative was Methanomicrococcus blatticola (93.5 to 97.5% similarity), isolated from the gut of the cockroach Periplaneta americana (43) .
Each of these three clone groups contained distinct subclusters within their respective clade (Fig. 2) . For example, at least three distinct subclusters of Methanobrevibacter spp. (i.e., an M. cuticularis cluster, an M. filiformis cluster, and a distinct C. orthognathus clone group, labeled A to C in Fig. 2 ) were retrieved from the clone libraries that displayed intersubcluster sequence differences of 95 to 96%, whereas sequence similarities within these subclusters were between 97.5 and 100% similarity. Some of these clones even differed in their TaqI restriction sites (Table 1) .
Archaeal SSU rDNA clones related to members of the Thermoplasmales. A significant proportion of clones affiliated with the Euryarchaeota, especially those recovered from the P5, clustered with members of the Thermoplasmales (Fig. 2) . The clones of this cluster were 92 to 100% similar to each other and formed two distinct subclusters. They were closely related to a clone from a fluidized-bed reactor fed with vinasses (19) (92 to 95% sequence similarity) but only distantly related to cultivated members of the Thermoplasmales (between 75 to 78% similarity).
Crenarchaeotal SSU rDNA sequences. A smaller proportion (5%) of the clones in the clone library carried sequences affiliated with the Crenarchaeota (Fig. 3) . Seven of these clones grouped closely with several clones of "rice cluster IV" (16, 20) and from agricultural soil (6); both clone groups are affiliated with the "freshwater cluster" of the kingdom Crenarchaeota. Four clones were affiliated with rice cluster VI (16, 20) , a clone group within the "terrestrial cluster" of the Crenarchaeota (95 to 96%, 99%, and 98% similarity, respectively). Clones retrieved from termite gut sections within the freshwater cluster and the terrestrial cluster were 94 to 100% similar to each other.
To further explore the diversity of Crenarchaeota in the gut of C. orthognathus, we specifically amplified only crenarchaeotal SSU rDNA from total community DNA extracted from whole guts. A total of 24 clones from this clone library were analyzed, one of which was a potential chimera. All other clones were closely related to the crenarchaeotal clones in the archaeal clone libraries obtained from the individual gut sections, which indicated that further crenarchaeotal genotypes were not to be expected. The largest proportion of the new clones (21 clones) fell into rice cluster IV, and the remainder fell into the terrestrial cluster (Fig. 3) .
Since the cloning analysis may not reflect the total community diversity due to the method-inherent undersampling bias (45), we checked the diversity coverage of the individual clone libraries by rarefaction analysis (22) . We defined sequences as belonging to the same species at Ͼ97% sequence similarity, which is in agreement with current microbial species concepts (44) . Results for gut sections P1 and P5 revealed a good di- FIG. 3 . Phylogenetic tree showing the positions of SSU rDNA sequences recovered from termite hindgut compartments P1, P3(/4a), P4b, and P5 as well as from total gut homogenates (Cren21-) relative to members of the Crenarchaeota. The tree was rooted with SSU rDNA sequences of Aquifex pyrophilus and Thermotoga maritima, and sequences of members of Euryarchaeota and Korarchaeota were used as additional outgroup references. The habitat from which isolates and SSU rDNA clones were retrieved is indicated. The scale bar represents 10% sequence difference. Accession numbers of reference sequences are indicated.
versity coverage, as indicated by the slopes of the rarefaction curves, which approached saturation for the 97% sequence similarity level (Fig. 4) . In the case of the P3 and P4 sections, however, additional archaeal species would likely be detected if more clones were analyzed (Fig. 4) .
T-RFLP analyses. Archaeal community structure and diversity in the different gut sections were also assessed directly by T-RFLP analysis. Typical fingerprints of the gut sections P1 and P3 are shown as examples (Fig. 5) . The T-RFs obtained from the different profiles and the corresponding clones were grouped according to their phylogenetic affiliations with major lineages of the domain Archaea (Table 1) . Relative frequencies of SSU rDNAs, deduced from the T-RF fingerprints of the different sections, the parent soil, and the nest material, were compared to those obtained by analysis of the respective clone libraries (Fig. 6) .
Most of the major T-RFs observed in the T-RFLP profiles of the different gut sections matched with OTUs predicted by in silico analysis of clone sequence data. Clones belonging to the Methanobacteriaceae were characterized by three T-RFs of 88, 611, and 800 bp. The third of these fragments did not have a TaqI restriction site and was also characteristic for clones belonging to members of the Methanosarcinaceae and the Crenarchaeota. Clones falling into the Methanomicrobiales and the Crenarchaeota were characterized by T-RF lengths of 388 and 389 bp, which is a fragment size difference below the resolution limit of the T-RFLP analysis (35) . However, only one crenarchaeotal clone with a T-RF of 389 bp was detected in the library of the P4 section, which indicated the low frequency of these sequences. All other T-RF sizes predicted were unique for one phylogenetic group. Clones belonging to the Thermoplasmales could even be differentiated by distinct T-RF sizes of 220, 341, and 375 bp (Table 1) .
Archaeal community structure in different gut sections. Both T-RFLP analysis and cloning analysis revealed significant differences in the archaeal community structure among the individual gut sections of C. orthognathus. In general, the relative gene frequencies of OTUs derived from T-RFLP analyses were in good agreement with the frequencies of clones falling into the respective T-RF size classes (Table 1; Fig. 6 ). T-RFLP analysis detected a few additional, less-frequent ri- FIG. 4 . Rarefaction analysis of archaeal SSU rDNA clones as retrieved from termite gut sections P1, P3, P4, and P5. The expected number of clones [E(S n )] was calculated from the number of clones analyzed at the species level using 97% sequence similarity. The slope of the curves indicates whether the diversity was covered (zero or low slope) or whether further clones with Ͻ97% sequence similarity may be expected by analyzing additional clones (steep slope). Fig. 2 and 3. botypes (Ͻ4%) with T-RFs of 72, 76, and 457 bp, which were not detected by cloning analysis ( Fig. 6 ; Table 1 ).
The highest diversity was found for the whole termite gut (Fig. 6B) , as indicated by 10 different, mostly less-frequent ribotypes, and two frequent groups, represented by T-RFs of 389 and ϳ800 bp (see Table 1 and the legend of Fig. 6 for affiliation of T-RFs to phylogenetic groups). All major T-RFs, however, could be traced back to the individual gut compartments, where they were represented with a different, compartment-specific gene frequency (Fig. 6) .
Midgut section. The midgut section, which included the increasingly alkaline mixed segment, exhibited a T-RFLP profile that resembled in the relative frequencies and size classes those observed in the following hindgut compartment (P1; see below) with a predominance of the ϳ800-bp OTU (72% [Fig.  6B]) . Since no clone library was generated for this section, it remains open whether the Ϯ800-bp OTU represents members of the Methanosarcinaceae or of the Methanobacteriaceae prevailing in this section.
Hindgut section P1. In the case of the extremely alkaline P1, we observed a high proportion of clones (90%) related to members of the Methanosarcinaceae, which all had a T-RF of ϳ800 bp (Fig. 6A) , and only one crenarchaeotal clone. Direct T-RFLP analysis revealed the presence of a slightly lower relative frequency of 78% for the ϳ800-bp OTU, and in addition T-RFs with 88 bp (5%; OTU specific for members of the Methanobacteriaceae) ( Table 1 ) and 181 bp (11%), which probably represented members of the Crenarchaeota (Table 1) . FIG. 5 . T-RFLP analyses of archaeal SSU rDNA PCR products amplified from DNA extracts of gut sections P1 and P3. T-RFLP profiles after TaqI digestion of 6-carboxyfluorescein-labeled PCR products from P1 (A) and P3 (C) and after double digestion with TaqI and HaeIII from P1 (B) and P3 (D). The x axis shows the length (base pairs) of the terminal restriction fragments, and the y axis shows the intensity of fragments in arbitrary units. Designations of archaeal lineages are derived from in silico analysis of sequence data (see also Hindgut section P3. In the more posterior P3/4a double compartment, the archaeal community changed distinctly and was dominated by Methanobrevibacter spp. (55% of clones, 67% of T-RFs), followed by members of the Methanomicrobiales (24% of clones, 26% of T-RFs). However, only one clone each was closely related to Methanosarcinaceae, Thermoplasmales, and Crenarchaeota, which is in agreement with the relative gene frequencies of Ͻ5% for the 341-, 375-, and 182-bp T-RFs, respectively (Fig. 6A) . Using a modified T-RFLP assay, we were able to differentiate between Methanosarcinaceae-like, Methanobrevibacter-like, and crenarchaeotal amplicons, none of which had a restriction site for TaqI in the PCR fragment analyzed (ϳ800-bp OTU [ Table 1] ). This approach involved a double digestion with HaeIII and TaqI, which resulted in a characteristic 34-bp T-RF (Fig. 5B) for clones falling into the Methanosarcinaceae and a 366-bp T-RF for Methanobrevibacter-like sequences (Fig. 5B and D) . Unfortunately, the 34-bp T-RF comigrated with the primer-dimer artifact (34 bp), which rendered quantification impossible. Nevertheless, we were able to show that the Methanobrevibacter-like gene frequencies were low in the P1 section (Fig. 5B) , whereas Methanosarcina-like genes were virtually not present in the adjacent P3/4a section (Fig. 5D) .
Gut sections P4 and P5. Towards the posterior end of the gut, the relative frequencies of the Methanobrevibacter-like sequences (88-and 611-bp T-RFs and ϳ800-bp OTU) decreased from 64% in the P4 section to 45% in the P5, whereas cloning analyses gave similar clone frequencies of 52 and 56% for these FIG. 6 . Relative clone frequencies (A) and/or T-RFLP-derived SSU rDNA frequencies (B) of archaeal ribotypes in different gut sections (M, P1, P3, P4, and P5), total guts (G), the inner nest material (N), and soil collected at a 3-m distance from the nest (S). Relative SSU rDNA frequencies (B) were determined by integrating peak areas of T-RFs. For designations of ribotypes, see Table 1 ; "div." summarizes unidentified T-RFs with Ͻ1% relative gene frequency. In the case of the gut sections P1 to P5, the relative gene frequencies of the ϳ800-bp OTUs are based on the combined results of TaqI and double-digestion analysis (Fig. 5) . With the other data sets, the ϳ800-bp OTUs were not further resolved.
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sections. Sequences falling into the Methanomicrobiales represented 10% relative gene (389-bp T-RF) and clone frequency in both sections. The proportion of Thermoplasmales-like sequences increased to 18 and 28% (341-and 375-bp T-RFs), and that of the Crenarchaeota (182-bp T-RF) increased to 4 and 7% in the P4 and P5 sections, respectively. Interestingly, Methanobrevibacter-like sequences with a T-RF of 88 bp represented a larger proportion of archaeal OTUs in the P4 and P5 sections (14 and 11%, respectively) than in the P3 section (2%). This may indicate that the phylogenetically distinct subclusters (A to C [ Fig. 2]) represent Methanobrevibacter spp. which occupy specific niches within the respective gut segments. Archaeal community composition in termite nest and adjacent soil. Both the T-RFLP fingerprints of the nest material and the surrounding soil were characterized by a predominant 182-bp T-RF, which represented 82 and 76% of the ribotypes in the respective samples (Fig. 6B) but which was not present in the fingerprints of any of the gut sections. Also, two other, less-frequent OTUs with T-RFs of 161 and 169 bp were observed in soil, but not in the termite gut samples. OTUs present both in soil and gut samples had relative frequencies in the fingerprints of the soil samples that were significantly lower than those of the gut samples. Only 10% of the predominant ϳ800-bp OTU was present in nest material, and only 5% of the 88-bp T-RF was present in the surrounding soil. The distinct differences in the community composition did not require the assignment of the OTUs to a specific archaeal group; therefore, no clonal analysis was performed for the soil and nest material samples.
DISCUSSION
This is the first comprehensive analysis of the archaeal community structure within the highly compartmentalized intestinal tract of a soil-feeding termite. We could show that the morphological and physicochemical heterogeneity of the gut (14, 25, 41) is paralleled by a high phylogenetic diversity and pronounced axial differences in the composition of the archaeal gut microbiota.
Phylogenetic diversity of termite gut Archaea. Our study reveals a remarkable diversity of Archaea in the gut of C. orthognathus. Both the results of the cloning analysis and the T-RFLP profiles demonstrated considerable differences in the composition of the archaeal community in the different gut segments. It should be pointed out that many of the phylogenetic groups were detected only by a separate analysis of the individual gut sections (Fig. 6A ) and by sequencing a sufficiently large sample of clones (Fig. 4 and 6A ). For example, clones related to the Methanosarcinaceae were barely represented in the clone library of the P3 and P4 sections and were not detected at all in the P5 section, whereas they predominated in the P1 section.
Besides detecting sequences grouping with methanogenic Archaea, we also detected SSU rRNA sequences that grouped with members of the Thermoplasmales (Fig. 2) . To date, only three SSU rRNA clones (sequence of Ͻ500 bp) related to the Thermoplasmales have been recovered from the wood-feeding termite R. speratus (42) . It was not possible to determine their phylogenetic relationship with the clones retrieved from the guts of C. orthognathus since the overlapping region of the sequences (ϳ20 bp) was too small for comparison. One can only speculate whether the Thermoplasmales-like clones represent non-methanogenic Archaea.
In addition to these euryarchaeotal clones, SSU rDNAs representing Crenarchaeota were also detected in all hindgut sections. Phylogenetic analysis indicates a close relationship of the termite gut clones to other clones with unknown phenotypes retrieved from terrestrial or aquatic environments (Fig. 3) . There is an increasing body of evidence that Crenarchaeota, which were originally considered to be confined to habitats characterized by high temperature, high salinity, or an extreme pH, also seem to occur ubiquitously in temperate or cold aquatic (26) and terrestrial environments (for a review, see reference 17). Our findings represent the first report on the occurrence of Crenarchaeota in the digestive tract of arthropods and, together with the distantly related clones recovered from the midgut of the holothurian Oneirophanta mutabilis (32) , also one of the first reports on the presence of Crenarchaeota in intestinal tracts. In the case of a crenarchaeotal clone recovered from the gut of a flounder (Platichthys flesus) (50) , the presence of a specific intestinal population remains to be established.
Although both soil and nest material contained archaeal SSU rDNA, T-RFLP profiles of parent soil and nest material differed strongly from those of the different gut sections. It can be ruled out that the microorganisms whose DNA was amplified from the gut extracts stem from ingested soil. Rather, they seem to be specific members of the termite gut microbiota. T-RFs characteristic of Crenarchaeota and Methanomicrobiales were not even detected in the DNA amplified from the parent soil ( Fig. 6B [389 bp] ; Table 1 ), and the frequency of crenarchaeotal clones increased towards the P4b section (Fig. 6A) . Interestingly, shedding of intestinal archaea seems to have little impact on the composition of the archaeal community in the nest material, despite the fact that the latter is constructed largely from feces.
Spatial distribution and functional implications. The environmental factors which should be most decisive for the distribution of archaeal populations in the different gut sections of C. orthognathus are the intestinal pH and-at least in the case of methanogenic Archaea-the availability of reducing equivalents. In a previous study, we found that methane is formed mainly in the P3/4a and P4b compartments (41, 46) (Fig. 1) . The results of the molecular analysis performed in the present study, however, indicate that the anterior gut sections (M/ms to P1) also harbor specific, probably autochthonous populations of methanogenic Archaea (Fig. 6) .
Based on the extreme alkalinity of the P1 compartment of all Cubitermes spp. (pH 11 to 12.5 [14] ), one might carefully conclude that the methanogenic populations specific for this gut section are alkaliphilic. More than 60% of the T-RFs and 90% of the archaeal clones recovered from the P1 section were members of the Methanosarcinaceae, which were almost completely replaced by Methanobrevibacter-related sequences in the subsequent sections consisting of less-alkaline to neutral gut segments (Fig. 6 ). All Methanosarcinaceae-related clones from the P1 compartment clustered within a clade comprising only clones from the intestinal tracts of insects, which may reflect coevolution with their host, and were closely related to clones recovered from other termites with alkaline gut segments (Nasutitermes takasagoensis and Pericapritermes nitobei). However, the same clade comprised also clones or pure cultures obtained from hosts without an elevated intestinal pH (Odontotermes formosanus and Periplaneta americana) (Fig. 2) , and presently it cannot be excluded that the methanogenic population in the P1 compartment is located in microhabitats characterized by a less-alkaline pH than that reported for its bulk volume. Cultivation or in situ localization of the cells within the gut will be necessary to clarify whether these methanogenic symbionts are indeed adapted to extremely alkaline microenvironments.
Hydrogen appears to be a key substrate of methanogenesis in termite guts (for reviews, see references 10 and 12). In Cubitermes spp., however, a utilization of endogenous hydrogen is feasible only in the anterior gut regions, including the P3/4a compartment (41) . Based on the large methanogenic potential of the posterior hindgut and the juxtaposition of hydrogen-forming and hydrogen-consuming gut regions in the abdomen of the termite, we have proposed a cross-epithelial hydrogen transfer from hydrogen-forming gut segments (ms, P1, and P3) to hydrogen-consuming gut segments (P4a and P4b) in situ (41) , which would create additional microniches for H 2 -consuming populations.
Nevertheless, it is possible that different methanogenic populations use different electron donors in situ. An alternative, exogenous electron donor for methanogenesis in the posterior hindgut compartments could be formate. Formate, most probably a product of microbial fermentations in the anterior gut compartments (46) , is present in the hemolymph of C. orthognathus in appreciable concentrations (2.6 mM [A. Tholen and A. Brune, unpublished results] ). The stimulation of methane emission of isolated P3/4a compartments by formate is even stronger than that by exogenous H 2 (41) , and H 2 -oxidizing and formate-oxidizing methanogens seem to be present in similar numbers in Cubitermes spp. and other soil-feeding Termitinae (38, 46) .
Another potential substrate for methanogenesis in the termite gut may be methanol. Methanomicrococcus blatticola, the only cultivated representative in the cluster of Methanosarcinaceae-related clones recovered from insect guts, is obligately methylotrophic; i.e., it uses H 2 as an electron donor only in the presence of methanol or methylamines (43) . Sequence similarities between C. orthognathus clones and M. blatticola range from 93.5 to 97.5%, which may allow careful speculations regarding a methylotrophic phenotype.
While the different methanogenic community structures of P1 versus the P3 and P4 sections of C. orthognathus may be caused by axial differences in the microenvironmental conditions, the diversity among the methanogenic populations within each section may reflect a radial organization of methanogens specifically adapted to their respective microhabitats. This is supported by the apparent location of the hydrogen sinks in the posterior hindgut compartments of C. orthognathus (P3-P4b) (41) and by the observation that different morphotypes of F 420 -fluorescent cells appear to be associated with the gut wall and the cuticular spines protruding into the lumen of the P4b compartment (Tholen and Brune, unpublished results). Functional adaptations to different ecological niches may also explain why Tokura et al. (49) found that the methanogens associated with gut epithelium of the wood-feeding R. speratus and the grass-feeding Hodotermopsis sjoestedti are phylogenetically different from those harbored by the intestinal flagellates (49) .
Most-probable-number enumeration yielded highest numbers of methanogens in the posterior hindgut, i.e., in P3/4a and P4b/5 sections, but the low absolute numbers (2 ϫ 10 6 cells per section [46] ) are probably strongly biased by cultivation. It is important to consider that the proportions of methanogenic phylotypes among the archaeal populations in different gut sections reported in this study represent only relative numbers. These are based on PCR methods, which can be subject to methodinherent bias (for a review, see reference 51). In order to gain more information on the absolute abundance and physiological role of methanogens and other archaea in the individual gut segments, it will be necessary to determine their absolute numbers and their spatial distribution by a PCR-independent approach, e.g., by fluorescent in situ hybridization.
